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Abstract
This paper presents a design procedure for a phased array
feed network. The procedure is validated by designing
and fabricating a set of 28 GHz 8-element beam steerable
antennas. Within the feed, a Taylor n-bar amplitude taper
is implemented using unequal power dividers. At bore-
sight, the taper reduced the sidelobe level by 2.84 dB to
−15.2 dB. Beam steering from 0 to 48 is achieved
using meanders. An empirical formula for the meander
widths is proposed, enabling independent control of
amplitude and phase. Empirical formulae for the initial
parameters of the unequal dividers are also proposed.
The wide transmission lines in this feed network are
compatible with low-cost PCB fabrication techniques.
KEYWORDS
amplitude taper, beam scanning, microstrip, millimeter wave, unequal
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1 | INTRODUCTION
Interference is a key problem for future 5G communication
networks, especially as the user density increases. Millimeter
wave beamforming antennas will need to direct power
towards intended users, and minimize the power transmitted
or received in other directions.1
A non-uniform amplitude taper can be applied to reduce
the sidelobe level (SLL) of a phased array antenna. This is
achieved at the expense of a slight increase in main lobe
beamwidth (i.e., gain reduction). The Taylor n-bar distribu-
tion achieves an optimal trade-off between gain and SLL.2
Several reported designs have implemented an amplitude
taper within a phased array feed network. In Ref. [3], a Tay-
lor distribution, having an SLL of −17 dB, was implemented
within a 10-element array. This was achieved by adjusting
the widths of transmission lines used to implement quarter
wave transformers. However, a series feeding arrangement
was used, which limits the beam steering range.4 Alterna-
tively, Ref. [5] used Y-junction dividers, together with an
electromagnetic bandgap (EBG) structure to suppress sur-
face waves. The antenna exhibited a very wide frequency
operating bandwidth from 55 to 65 GHz along with an SLL
of −13 dB across the whole bandwidth. However, in nar-
rowband designs, the use of an EBG may be an unnecessar-
ily complex way to address this issue, as surface waves can
instead be suppressed by the use of a thin substrate.1
Technologies other than microstrip reduce unwanted
radiation from the feed, to achieve a low SLL. They can also
reduce the insertion loss, but are more costly and complex to
manufacture. In Ref. [6], subarrays of 2 × 2 elements with
an SLL of −13 dB were combined into a 16 × 16 element
array with an SLL of −25 dB. Within the waveguide feed,
the septum offsets and port widths of the unequal dividers
were adjusted to achieve a 2D amplitude taper. Ref. [7] pre-
sented a substrate integrated coaxial line (SICL) feed achiev-
ing an x-direction and y-direction SLL of −19.6 dB and
−18.0 dB, respectively. A Dolph-Chebyshev taper was pro-
duced by adjusting the radial dimensions of each blind via.
For electronically controlled beam shaping, an amplitude
taper can be implemented using variable gain amplifiers or
attenuators.8
In this paper, to increase the efficiency, we realize a
fixed taper using power dividers. High power division ratios
are required within the feed network. Using conventional
unequal dividers, this necessitates narrow, high impedance
lines, which are difficult to fabricate using standard printed
circuit board (PCB) etching techniques. To address this
problem, Ref. [9] proposed an unequal power divider which
replaces these narrow lines with wider stubs, making them
easier to manufacture.
For the first time, we propose a design procedure for a
feed network based on this unequal divider. The procedure
has several advantages.
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First, to satisfy manufacture constraints, we propose for-
mulae for the initial parameters (degrees-of-freedom) of the
unequal dividers. This enables independent control over the
widths of the lines in the unequal dividers. Second, to steer
the main beam, meanders are used to produce fixed phase
shifts. We propose a formula for the width of a meander line
required to achieve a 50 Ω impedance. Correctly choosing
this width, which varies as a function of meander length,
minimizes any amplitude variation caused by beam steering.
This enables independent control over the amplitude and
phase at each element. Third, we take advantage of the con-
venience and low cost of microstrip while minimizing the
adverse effect of the feed on the radiation pattern. The
feed was implemented on a single layer of microstrip,
without vias.
The procedure is also suitable for other planar technolo-
gies, such as stripline, coplanar waveguide (CPW) or
substrate-integrated waveguide (SIW). Feed networks
designed using the proposed procedure could find applica-
tions in mobile handsets or base stations.
2 | DESIGN PROCEDURE
This section of the paper describes the feed network design.
The feed was connected to a phased array antenna for valida-
tion purposes. Starting from a target SLL, we determine
the desired amplitudes and power split ratios, as well as the
physical dimensions of the unequal dividers. Next, from the
desired beam directions, we calculate the progressive phase
shifts to be applied to each array element, and the corre-
sponding meander dimensions.
2.1 | Step 1: design amplitude taper
The proposed feed network topology can be used to realize
any desired amplitude distribution (for which voltage split
ratios Ki > 0.3). For comparison, two different distributions
were realized: (1) a uniform and (2) a Taylor n-bar distribu-
tion, given by the well-known expression2:
g pð Þ¼ 1+ 2
Xn−1
n¼1
F n,A,nð Þcos nπpð Þ, ð1Þ
where g(p) is the amplitude taper, P = 2/L x is the aperture
variable, F(n, A, n) is a function used to produce array factor
zeros of varying angular spacing, A is the SLL parameter,
and n is the SLL roll-off parameter.
To obtain the amplitudes ai of the signals at each array
element, we express this as:
ai ¼ 1+ 2
Xn−1
n¼1
F n,A,nð Þcos nπd i−N +1
2
  
, ð2Þ
where N is the number of array elements, i = 1, 2, 3…N,
and d is the spacing between elements.
For a typical 5G base station application, a beamwidth of
20 is required. This provides an adequate link range (cell
radius), while limiting the effect of pointing errors on beam
alignment. An SLL below −10 dB is required to suppress
interference. A value of n = 20 was chosen to achieve a suit-
able compromise between gain and SLL. Given that SLL is
known to increase with steering angle,2 a value of SLL =
−20 dB was chosen for boresight. The Matlab command
taylorwin(8,20,-40) was used to calculate the distribution,
where N = 8 elements, and −40 dB is the SLL expressed as
a voltage ratio.
2.2 | Step 2: determine voltage/power split
ratios
The feed network consists of several junctions, each contain-
ing a power divider (Figure 1). Each junction is numbered
for ease of reference. The desired amplitudes, calculated in
step 1, are realized by appropriately setting the voltage split
ratio (Ki) and power split ratio (Ji) at each junction. Power
dividers (shown in Figure 2) are then designed to implement
these ratios.
Ki ¼Vi3Vi2¼
ffiffiffi
Ji
p
, ð3Þ
Ji ¼Pi3Pi2 , ð4Þ
J1¼ a1 + a2 + a3 + a4a5 + a6 + a7 + a8 , ð5aÞ
J2¼ a1 + a2a3 + a4 , ð5bÞ
J3¼ a5 + a6a7 + a8 , ð5cÞ
J4¼ a1a2 , ð5dÞ
FIGURE 1 Proposed Taylor feed network (boresight). The
transmission lines within the unequal dividers are much wider than
for conventional unequal dividers [Color figure can be viewed at
wileyonlinelibrary.com]
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J5¼ a3a4 , ð5eÞ
J6¼ a5a6 , ð5fÞ
J7¼ a7a8 , ð5gÞ
where V2, V3, P2, and P3 are the voltage and power
levels at the respective output ports of each divider, and
amplitudes ai were defined in Equation 2.
2.3 | Step 3: design power dividers
At junction 1 of the Taylor feed, the power is split equally
(K1 = 1). This is implemented by a Wilkinson divider.
10
This equal divider was also used for all junctions within the
uniform feed network.
For the unequal dividers, K < 1 is achieved by partial
cancellation of incident and reflected currents in the stubs.
To obtain values K > 1, the dividers were mirrored to give a
voltage split 1/K.
For ease of manufacture, we aim to meet the following
constraints:
• Line width must be between 0.2 mm and 1.1 mm. This
enables convenient fabrication and prevents the lines
from overlapping at the divider junctions, avoiding
impedance mismatch.
• Line length must be less than 4.25 mm. This enables the
divider stubs to fit onto the PCB.
For example, if K = 0.37, a conventional unequal
divider would require a line of width 12.4 μm. The divider
from Ref. [9] achieves the same ratio using widths greater
than 0.5 mm, which are much easier to fabricate.
Building on the method in Ref. [9] we propose empirical
formulae for the values of the initial parameters of the
unequal dividers: C, θA3 and θA5. These parameters give us
several degrees-of-freedom to meet the above constraints.
C≈
50
K1:6
,valid for 0 <K <1, ð6Þ
θA3≈
π
4
+ 0:69
ffiffiffiffiffiffiffiffiffiffi
1−K3
p
,valid for 0:3<K <1, ð7aÞ
θA5≈
π
4
+ 0:36
ffiffiffiffiffiffiffiffiffiffiffiffi
1−K,3
p
valid for 0 <K <1, ð7bÞ
where C is the arbitrary reference impedance in Ω, θA3 and
θA5 are electrical lengths of transmission lines in radians.
These formulae are valid only for the given frequency and
substrate properties.
For each transmission line section, the required imped-
ance and electrical length were determined using the proce-
dure given in Ref. [9] We propose a modification to this
FIGURE 2 Voltage split ratios and unequal dividers within the feed network, to achieve the desired amplitudes. All physical dimensions
are in mm. Port 2 of each divider is on the left, port 3 is on the right [Color figure can be viewed at wileyonlinelibrary.com]
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procedure, resulting in Equation 8, which makes the nega-
tive stub lengths positive and thus realizable using conven-
tional transmission line technology.
θB3¼ tan
−1 2cot 2θA3ð Þð Þ θA3 > 0
tan−1 2cot 2θA3ð Þð Þ+2π θA3 ≤ 0,

ð8Þ
where θB3 is a stub electrical length in radians. Equation 8
can also be used to calculate θB5 from θA5. Note that θA3,
θB3, θA5, and θB5 correspond to physical lengths LA3, LB3,
LA5, and LB5.
The corresponding physical lengths and widths were
synthesized in microstrip technology using standard equa-
tions from Ref. [10] and are shown in Figure 2. The chosen
substrate was Rogers RT duroid 5880 (εr = 2.2, tan
δ = 0.0009 at 10 GHz) of thickness h = 0.254 mm, with
copper of thickness 0.017 mm on both sides. The feed was
connected to an 8-element array of microstrip patches with
half-wavelength spacing.
2.4 | Step 4: determine required phase shifts
To steer the main beam of a phased array to an angle θ0, a
progressive phase shift β, given by Equation 9, must be
applied between consecutive elements.3 Table 1 provides the
progressive phase shifts used, along with the associated
beam directions.
β¼ −kdsin θ0ð Þ, ð9Þ
Δφi ¼ β i−1ð Þ, ð10Þ
where k = 2π/λ0, d = λ0/2, and Δφi is the phase shift at
each element i relative to the input port. λ0 = 10.71 mm is
the free-space wavelength at the center frequency,
f0 = 28 GHz.
In a practical implementation of the feed network,
dynamic beam steering could be achieved using phase
shifter ICs. In this paper, for proof-of-concept, we fabricated
several antenna PCBs (Figure 3). Each antenna has a differ-
ent, fixed main beam direction. The consecutive phase shifts
were realized using meandered sections of transmission line.
We refer to these as beam steering meanders.
2.5 | Step 5: implement phase shifts
The meander length Lmi for element i is proportional to its
electrical length (phase delay Δφi), see Equation 11.
10 To
minimize feed radiation, it was necessary to keep the mean-
der horizontal (i.e., x-axis) extent Lmi/5 below λ0/2. Hence,
their lengths were shared between a phase shift of 4β at the
right arm of the first divider (Lm right), and remaining phase
shifts of [0, β, 2β, 3β, 0, β, 2β, 3β] at the steering meanders.
Lmi¼Δφi2π λg¼
Δφi
2π
λ0ffiffiffiffiffiffiffiffi
εreff
p , ð11Þ
where the effective relative permittivity εreff is calculated for
each line width, as in Ref. [10]
Note that altering the length of the meandered section, to
realize the desired phase shift, also alters the characteristic
impedance of the transmission line. This occurs due to cou-
pling between adjacent bends within the meander. In order
to maintain a 50 Ω impedance, it is necessary to reduce the
meander width Wmi. We obtained Equation 12 by fitting a
piecewise straight line to impedances simulated for different
meander lengths. It is valid only for the given frequency and
substrate properties. This adjustment ensures that the mean-
ders do not affect the amplitude distribution. The meander
parameters are shown in Figure 3. Note that this formula is
only accurate for Δφi < 216. For longer meanders, it is
recommended to fine-tune their widths via a parametric
study.
Wmi≈
0:766−
Δφi

547:5
Δφi

<216

0:371 Δφi

≥ 216

:
8<
: ð12Þ
In addition to the beam steering meanders, phase correc-
tion meanders were required. The absence of isolation resis-
tors introduced a 35 phase error between the signals at the
output ports of the divider. This error was compensated by
additional line length (meanders) at the output ports of the
feed. Their lengths, in the x-direction, are provided in
Table 2. The width of all correction meanders is 0.766 mm
(the same as a 50 Ω line). In the Taylor boresight (β = 0)
PCB, this phase correction ensured that the patches all radi-
ated approximately in phase.
2.6 | Step 6: implement the connecting feed
lines
Here, we aim to minimize the SLL of the phased array
antenna, and maximize the feed network efficiency. This
requires minimizing the level of radiation from the feed net-
work, and a good impedance matching throughout the feed.
TABLE 1 Steered Taylor PCBs: phase shifts, beam directions, and
meander widths and lengths in mm
β () 0 36 72 108 144
θ0 () 0 −11.5 −23.6 −36.9 −53.1
Wm1, Wm5 0.766 0.766 0.766 0.766 0.766
Wm2, Wm6 0.766 0.7002 0.6345 0.5687 0.5030
Wm3, Wm7 0.766 0.6345 0.5030 0.371 0.5
Wm4, Wm8 0.766 0.5687 0.3175 0.24 0.5
Wmright 0.766 0.5030 0.24 0.24 0.24
Lm1, Lm5 0 0 0 0 0
Lm2, Lm6 0 0.794 1.588 2.382 3.176
Lm3, Lm7 0 1.588 3.176 4.764 6.352
Lm4, Lm8 0 2.382 4.764 7.146 9.528
Lmright 0 3.176 6.352 9.528 9.528
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To achieve these, we recommend to:
• Keep the feed lines as short as possible, and avoid sharp
bends.
• Ensure that the ends of the lines are parallel and aligned
at their centers.
• Maintain a minimum separation of 0.68 mm between
any stub and adjacent line, and a minimum bend radius
of 0.65 mm.
3 | RESULTS
This section of the paper presents simulation and measure-
ment results for a feed network designed using the procedure
outlined in Section 2. The antenna PCBs were simulated in
CST Microwave Studio 2016. The scatting parameters and
radiation pattern were measured using a Rohde and Schwarz
ZVA67 network analyzer, calibrated using the Open-Short-
Match (OSM) procedure.
Figure 4 shows the simulated frequency variation in the
scattering parameters of the Taylor feed. Port 1 is the input
port, and ports 2-9 are the output ports connected to elements
1-8, respectively. In Figure 4A, |Si1| represents the simulated
voltage splits from the input port to each element. The sumP9
i¼2 Si1j j2 = −0.66 dB, which is equivalent to an efficiency
of 85.9% at the center frequency. This indicates that the feed
is low-loss.10 The |S11| < −20 dB bandwidth of the feed is
1.15 GHz, from 27.5 GHz to 28.65 GHz. Acceptable flat-
ness of the voltage splits is observed across this bandwidth.
Figure 4B shows the frequency variation of the phase at
the output ports of the feed network. For elements 3-6,
which have the most power, the group delay varies by less
than 9.4% across the operating bandwidth, indicating that
FIGURE 3 Photograph of the fabricated PCBs, with physical dimensions in mm. Inset: (A) tapered transition. This introduces inductance
to compensate for the capacitance of the 2.92 mm connector pin. (B) Patch element. Its dimensions were calculated as in Ref.,11 and Winset
was obtained by a parametric study. (C) Phase correction meander. (D) Right arm meander. (E) Beam steering meander [Color figure can be
viewed at wileyonlinelibrary.com]
TABLE 2 Phase correction meander lengths in mm. Lci corresponds to
antenna element i
β () 0, 36, 72, 108 144
Lc1 2.437 2.437
Lc2 0 0
Lc3 2.274 2.274
Lc4 0.1654 0.1654
Lc5 0.2219 3.398
Lc6 2.635 5.811
Lc7 0.3079 3.484
Lc8 2.635 5.811
FIGURE 4 Taylor boresight feed network scattering parameter
variation with frequency for all feed ports. (A) S parameter
magnitudes. (B) S parameter phases, after correction
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beam squint (and hence pointing loss) is kept within accept-
able limits. This illustrates the validity and accuracy of our
proposed design procedure.
Figure 5 shows the desired and achieved amplitude and
phase distributions, associated with the Taylor boresight feed
network at 28 GHz. Both the achieved and ideal amplitudes
are normalized to the same total power value. The maximum
amplitude error is 10% of the input power, and the maximum
phase error between elements after correction is 25.3. This
phase error occurs for elements 1 and 8, which have the least
amplitudes. As shown in Figure 6, these errors cause the
SLL of the array factor to increase by around 8 dB. How-
ever, in the final radiation pattern, this effect will be reduced,
due to pattern multiplication with the element factor. The
amplitude errors are caused by the implementation of the Ki
values, and the phase errors are caused by uncorrected line
lengths. This observed effect of errors on the SLL agrees
with the discussion in Ref. [2]
Figure 7 shows the input reflection coefficient |S11| for
PCBs associated with boresight and the maximum steering
angle. Good agreement is observed between simulation and
measurement. For each PCB, the bandwidth is determined
by the frequency domain poles (for which |S11| = 0). These
poles (resonances) are associated with the power dividers,
meanders, and patches within the PCBs. A common
−10 dB bandwidth of 0.95 GHz was achieved for all steer-
ing angles. This is considered sufficiently wide for 5G
communications.
Figures 8 and 9 show the radiation patterns for the
phased arrays shown in Figure 3. In Figure 8A, the mea-
sured SLL of −15.2 dB agrees well with the simulated
value (−15.35 dB). The Taylor distribution reduced the
SLL by 2.84 dB, compared to the radiation pattern for the
FIGURE 5 Achieved excitation at the feed output ports at
28 GHz. (A) Simulated and ideal Taylor amplitudes. (B) Phase
error at the output of the feed, after correction
FIGURE 6 Simulated normalized array factor for an ideal Taylor
distribution, and for the achieved amplitudes and phases
FIGURE 7 |S11|, simulated (dash-dot line) and measured (solid
line). (A) Boresight array (Taylor β = 0). (B) Array steered to the
maximum angle (Taylor β = 144)
FIGURE 8 Radiation patterns, simulated (dash-dot line) and
measured (solid line). (A) Boresight array (Taylor β = 0).
(B) Array steered to the maximum angle (Taylor β = 144)
FIGURE 9 Measured radiation patterns for all steering angles. β
is the progressive phase shift
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uniform feed PCB (not shown). However, the main lobe
gain decreased by 1.67 dB, to 11.5 dBi. Overall, this SLL
reduction is beneficial and outweighs the gain reduction.
Based on the simulated directivity of 13.6 dBi, the total
efficiency of the antenna incorporating the Taylor boresight
feed PCB is 66%. At the maximum steering angle of 48,
the scan loss is 2.9 dB, which is typical of a conventional
phased array.
4 | CONCLUSION
In this paper, we presented a comprehensive design proce-
dure for a feed network based on unequal power dividers.
To validate the procedure, we designed and built a set of
Taylor n-bar feed networks for a phased array antenna. A
line width greater than 0.2 mm was maintained for all parts
of the feed. The antenna arrays were fabricated at low cost,
on a single layer of microstrip, with good agreement
between measurement and simulation. An SLL below
−15 dB was achieved at boresight. This SLL reduction will
increase the signal-to-interference-and-noise ratio in 5G mil-
limeter wave links, reducing interference. Future work will
extend this method to realize arbitrary amplitude distribu-
tions and beam shapes.
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